antibody measured by the passive hemagglutination test. J. 1966.-Rabbits immunized intravenously with adenovirus type 5 antigen were tested for antibody titers by use of the passive hemagglutination test (PHA). Primary and secondary responses were studied, and the class of antibody was determined by means of density gradient centrifugation and reduction with 2-mercaptoethanol (ME). It was found that the PHA was 10 to 100 times more sensitive than complement-fixation and neutralization tests for the detection of antibodies to adenovirus. The immunological response to primary immunization was dependent on the dose of antigen, with antibody appearing in as early as 3 days. After secondary stimulation with the same antigen, there was a rapid response which appeared to be less dose-dependent. It was found that a heavy 19S antibody sensitive to ME was produced early and was followed by a lighter, presumably 7S, MEresistant antibody. Upon secondary stimulation, both 7S and 19S antibody increased to levels greater than those of the primary injection.
The agglutination of red blood cells (RBC) passively coated with antigen has become one of the most sensitive tools for the study of immunoglobulins. It was reported by Friedman and Bennett (3) and confirmed by Ross and Ginsberg (7) that the passive hemagglutination test (PHA) could be employed for the detection of adenovirus antibody in human sera. These investigators reported that the sensitivity of this method was greater than that obtained by complement fixation (CF) and neutralization tests (NT). Prier and Le Beau (6) found the PHA superior to the CF and conglutinating complement adsorption tests using rabbit antiserum. Other viruses have been studied by use of these techniques, including herpes simplex (8) , polio (4) , and psittacosis (1) .
The present study had three aims: to ascertain the sensitivity of this method for the detection of small amounts of antibody, to evaluate this procedure as a tool for studies of primary and secondary responses of rabbits to virus immunization, and to determine the applicability of the PHA test for assays of antibodies associated with different fractions of immunoglobulin. 
MATERIALS AND METHODS
Virus. For the cell sensitization, adenovirus type 5 (prototype strain) grown in KB cells was harvested after the cells were fully destroyed by the virus. To insure further release of virus, the preparation was treated by four cycles of freezing and thawing. This preparation contained 105-5 to 106 TcIDro/ml of infectious virus measured after 7 days in KB tube cultures. Such preparations usually contained 16 units of CF antigen. The supernatant fluid was cleared of cellular debris by centrifugation at 800 X g for 15 min. For animal immunization, adenovirus was grown in human fetal skin cells (HuFS), and harvested and treated as above. In addition, the virus was centrifuged for 4 hr at 78,000 X g and resuspended in 10 or 5% of the original volume in Hanks' balanced salt solution. The concentrated viral antigen preparation used for animal immunization will be referred to as undilute, and dilutions of same will be expressed as logs1o .
Antisera. In the first experiment, rabbits weighing 2.5 to 3.5 kg were immunized with a single intravenous injection of 2 ml of virus into the marginal ear vein. Rabbits 1, 2, 3, and 4 received 20-fold concentrated tissue culture fluids. Rabbits 5 and 6 were injected with a 10-1 dilution, and rabbits 7 to 8 were given a 102 dilution of the concentrated preparation. Secondary responses were initiated in the same manner, except that a dilution of 10-1 of concentrated virus was used LEFKOWITZ ET AL. injection. A second experiment was set up with the use of 31 animals exposed to various levels of antigen. Rabbits 9 through 12 received the concentrated undiluted virus; 13 through 15 received 10-1; 16 through 27 received 10-, and 28 through 39, 10 Comparative CF tests by use of a microtechnique in fourfold serum dilutions were run as follows. An amount of 2 units of guinea pig complement contained in a 0.05-ml volume was added to a mixture containing 0.025 ml of antigen and 0.025 ml of antiserum. After overnight incubation at 4 C, the amboceptor at a dilution of 1:1,000 was mixed with an equal volume of 2% sheep RBC, and 0.05 ml was added to each test preparation. The preparation was incubated at 37 C for 1 hr and read for hemolysis, with 2+ considered as the end point.
NT in KB tissue cultures were done with certain representative sera as follows. A 1-ml amount of serum dilution was incubated with 1 ml of adenovirus type 5 containing 100 TCIDro of virus. After 1 hr at 25 C, 0.2 ml of the mixture was inoculated into each of four KB tube cultures and read for cytopathic effects (CPE) during a 10-day period.
Determination of antibody species. Sucrose density gradient centrifugation was carried out to determine the type of antibody produced by rabbits during primary and secondary responses to adenovirus type 5. Two sucrose solutions were prepared at 37 and 10%. These solutions were mixed in proportion to give five additional intermediate concentrations differing by 4.5%. Gradients were prepared by carefully layering these dilutions in 0.6-ml increments, starting with the 37% dilution. The gradients were allowed to stand at 4 C for 2 hr until the interfaces between layers disappeared. The test serum was diluted with an equal volume of phosphate buffer (pH 7.2), and 0.4 ml of the mixture was carefully added to the top of the gradient. The gradients were centrifuged in a SW 39 rotor in a Spinco model L centrifuge for 16 hr at 100,000 X g. After centrifugation, 11 fractions were collected from the top by removing approximately 0.4-ml samples with a blunt needle from the center of the tube just below the meniscus. The fractions were numbered 1 through 11, starting at the top of the tube, and were diluted in twofold steps with 1:100 normal rabbit serum in buffer (pH 7.2) tested by use of tanned cells coated with adenovirus type 5 as described above. It should be noted that fractions were not dialyzed, since it was observed that sucrose did not interfere with hemagglutination.
Sera were screened for the presence of 2-mercaptoethanol (ME)-sensitive antibody. They were diluted 1:10 with buffer and incubated with an equal volume of 0.2 M ME for 1 hr at 37 C, after which they were placed at 4 C overnight. They were then assayed directly by hemagglutination. Selected sera were treated by dialysis against 0.1 M ME according to the method of Deutch and Morton (2), followedbysucrose gradient centrifugation. After treatment, the fractions were tested by hemagglutination as above. The former procedures will be referred to as the direct method and the latter as the indirect method.
REsULTs
With the PHA technique, antibody titers of greater than 1:10 were detectable in rabbit sera as early as 3 days after the primary injection in rabbits 3, 5, and 6 (Table 1) . In some instances, serum titers of 1:10,240 and 1:20,480 were obtained from a single primary injection. Rabbits ._, To determine more precisely the time and dose effects on the synthesis of antiviral hemagglutinating antibodies, a large-scale experiment was designed utilizing 31 rabbits and varying concentrations of primary antigenic material. At 71 days after primary stimulation, some of these rabbits were given a secondary injection consisting of one of three different concentrations. The results obtained with the primary immunization are presented in Fig. 1 . These data were previously submitted to probit analysis by plotting probits versus logarithms of the arithmetic meantiter (arithmetic mean on log scale, Fig. 2 presentation of data such as shown in Fig. 1 and  3 is justified. The results in Fig. 1 clearly show that the development of hemagglutinating antibodies was dependent on the dose of antigen.
Nine rabbits which were previously inoculated with the lowest concentration of antigen, and at 66 days had serum titers below 1:10,240, were divided into three groups for secondary inoculation. On day 71, each of the groups was injected with 10-fold diminishing amounts of adenovirus from the same preparation employed in the primary immunization. The results presented in Fig. 3 which responded adequately to secondary stimulation, reaching titers of 1:2,560 to 1:5,120. Antibody titers persisted for over 6 months (not shown) with the unboosted rabbits without significant decrease. This persistence of antibody was also noted with the boosted animals.
Studies on the nature of antibody. The PHA antibodies produced after primary and secondary immunization were subjected to physicochemical analysis. The sedimentation of antibody molecules in a sucrose gradient was determined for six rabbits. The results obtained with multiple sera from these rabbits are given in Fig. 4 and 5. Rabbit 5 was injected with 10-1 dilution of antigen. The early serum samples from this animal appeared to contain primarily heavy (19S) anti-bodies, followed by subsequent appearance of the lighter (7S) component. A 30-day sample taken 7 days after secondary stimulation with an equivalent amount of antigen showed a significant increase in antibody level in both the heavy and light fractions. A sample taken at 58 days indicated a predominance of slow sedimenting antibody. Rabbit 20, which was exposed to a 10-2 dilution of antigen, developed only 19S antibody on primary stimulation. Secondary injection of 10-2 antigen resulted in an increase in both the heavy and light antibodies, similar to that which occurred with animal 5. Rabbits 33 and 35 received a 10-3 dilution of antigen in both the primary and secondary injections. A pattern of antibody synthesis similar to that which occurred in animal 5 was noted, that is a sequential production of 19S followed by 7S, both of which increased after secondary stimulation. Rabbits 29 and 39 (Fig. 5 ) were initially immunized with antigen diluted 10-3. The former was restimulated with an antigen dilution of 10-3 and the latter with 10-1. It will be recalled that neither rabbit showed any demonstrable antibodies prior to the second inoculation. In rabbit 29, the peak titer Table 3 , which features the results obtained with sera from three rabbits collected on days 71 and 101. The antiviral hemagglutinating titers were quite high (1:163,840). It can be readily seen that when free adenovirus type 5 was added to these sera it significantly lowered the titer for the advenovirus-coated RBC. KB antigen, when added to these sera prior to reaction with adenovirus-coated RBC, caused little change in titer. This table shows also that these sera had relatively low titers against the KB antigen which could be blocked by either KB or KB-grown adenovirus 5 antigens.
The clear separation of antiviral antibodies from the anti-KB antibodies is also illustrated in Table 4 , in which absorption with KB cells did not significantly influence the adenovirus 5 titers but caused appreciable reduction in anti-KB activity.
Treatment with ME. Several serum samples collected at different time intervals from rabbit 20 were treated with ME by the direct procedure. After this treatment the sera were tested in the PHA. The results in Fig. 6 sh day 49 the hemagglutinins wei to ME treatment, but at this t most of the antibody activity v the ME-resistant component taken 12 days after primary stin and the other taken 14 da) stimulation (85 days after pri of rabbit 8, were exposed to r procedure. These treated sera responding untreated controls, placed on a sucrose gradient 100,000 X g. The results are: The 12-day-old serum lost after treatment, and whatevei was located in the light fra the serum taken late in the i tained a large amount of ME- low dose of antigen which caused no demonstrable antibodies.
The primary immunization was much more dose-dependent than was the secondary immunization. This was evident both in the amount and type of antibody synthesized. In general, delayed formation of 7S antibody was observed when minimal amounts of antigen were used.
It is interesting to note that antibodies to adenovirus type 5 persisted in rabbits for many months after either primary or secondary stimulation. This was also shown with the polio and bacteriophage systems previously described and is associated with the slower sedimenting of antibody fraction. The reason for this prolonged maintenance of high levels of antibody is not known, but it is conceivable that it may be associated with survival of this virus in the rabbit. It was previously reported by Pereira and Kelly (5) that this virus sets up a latent infection in rabbit spleens for a period of at least 2 months.
